Background: The turkey pancreatic lipase (TPL) was purified from delipidated pancreases. Some biochemical properties and kinetic studies were determined using emulsified system and monomolecular film techniques. Those studies have shown that despite the accumulation of free fatty acids at the olive oil/water interface, TPL continues to hydrolyse efficiently the olive oil and the TC 4 in the absence of colipase and bile salts, contrary to most classical digestive lipases which denaturate rapidly under the same conditions. The aim of the present study was to express TPL in the methylotrophic yeast Pichia pastoris in order to get a large amount of this enzyme exhibiting interesting biochemical properties, to purify and characterize the recombinant enzyme.
Background
Lipases are defined as triacylglycerol acylhydrolases (E.C.3.1.1.3) that catalyze the hydrolysis of fats and oils at the oil-water interface to glycerol and free fatty acids. Although lipases belong to many different protein families without sequence similarity, there is a much greater conservation in the secondary and tertiary structures of lipases [1] .
Over the last years, a better understanding of pancreatic lipases structure-function relationships has been reached with the resolution of several three-dimensional structures [2, 3] . The resolution of the three-dimensional structure of human pancreatic lipase (HPL) [2] has shown that the single polypeptide chain (449 amino acids) is fold into two domains: a large N-terminal domain (residue 1-335) which shows a typical α/β hydrolase fold and a small C-terminal domain (residue 336-449) which is of β sandwich type [4] .
The N-terminal domain contains the active site, which involves a catalytic triad analogous to that present in serine proteases. A surface loop (Cys 237-Cys 261), the so-called lid or flap, prevents the access of the substrate to the active site in its closed conformation. HPL requires a small protein cofactor, colipase, for the enzyme to be able to bind, in the presence of bile salt, to the triacylglycerol/water interface. Colipase binds to the C-terminal domain of HPL and exposes the hydrophobic tips of its fingers at the opposite side of its lipase-binding site [5] . The open lid and the extremities of the colipase fingers, as well as the β9 loop, form an impressive continuous hydrophobic plateau extending over more than 50 A°2, which might be to interact strongly with a lipid/water interface [6] .
The turkey pancreatic lipase (TPL) was purified from delipidated pancreases. This avian pancreatic lipase contains 450 amino acids and presents an experimental mass of 49665.31 Da [7] . Some biochemical properties and kinetic studies were determined using emulsified system and monomolecular film techniques [8, 9] . Those studies have shown that despite the accumulation of free fatty acids at the olive oil/water interface, TPL continues to hydrolyse efficiently the olive oil and the TC 4 in the absence of colipase and bile salts, contrary to most classical digestive lipases which denaturate rapidly under the same conditions [10, 11] .
Fendri et al. have determined the critical surface pressure (Πc) of TPL corresponding to the interaction power with Egg-PC monolayers. They found that TPL presents a higher Πc (Πc = 29 mNm -1 ) [9] in comparison with HPL (Πc = 18 mNm -1 ) [11] . This result has been explained by the fact that the hydrophobic surface of TPL is higher by 166 A°2, as compared to that of HPL. So, hydrophobic interactions between the lipase and the substrate would be more efficient in the case of TPL than in that of HPL.
The cleavage of TPL by chymotrypsin has generated three major fragments of about 35, 14 and 10 kDa. The N-terminal of the 35 kDa fragment was the same as the native TPL [12] . So this truncated TPL form would correspond to the TPL N-terminal domain which was active on tributyrin emulsion in the absence of colipase and in the presence of a low concentration of bile salts. Others attempts to produce an active N-terminal pancreatic lipase domain by limited proteolysis were failures with the HPL, PPL and OPL [12] [13] [14] , except with the horse pancreatic lipase giving to a large N-terminal fragment (45 kDa) which retained the lipase activity.
To investigate the structure-fonction relationships of the TPL, a high expression level system of TPL is required. The methylotrophic yeast Pichia pastoris is a host system which has been widely used at both academic and industrial laboratories in the production of a variety of heterologous proteins [15] .
Pichia pastoris has a strong preference for respiratory growth, consequently it doesn't produce significant amount of toxic ethanol as compared to many species of the genus saccharomyces [16] and may grow to very high cell densities on inexpensive media.
Like other eukaryotic expression systems, Pichia pastoris presents many advantages, such as proteolytic processing, folding, disulphide bonds formation and glycosylation, as well as several other post-translational modifications.
This expression system gives efficient recombinant protein secretion level which, combined with the very low endogenous protein secretion level, is a great advantage for the purification of the recombinant protein secreted into the culture medium [15] . Pichia pastoris system based on the constitutive promoter glyceraldehyde-3-phosphate dehydrogenase gene (GAP) have recently became available [17] . The GAP promoter for the heterologous expression of genes giving products which are not toxic to Pichia pastoris, or when the use of methanol, a highly toxic solvent, has to be ruled out.
In this paper, we report the expression of the TPL gene in Pichia pastoris, the recombinant enzyme was purified and its properties are compared to the native one.
Results and discussion
Generation of recombinant Pichia clones expressing TPL The TPL gene, containing two EcoRI sites upstream of its first codon and downstream of its Stop codon, was digested by the EcoRI restriction enzyme and inserted into the pGAPZαA vector previously digested by EcoRI. The recombinant vector was then linearized by the BspHI restriction enzyme and the GAP promoter-driven constitutive expression of TPL was achieved by integrating the linearised pGAPZαA-TPL plasmid into the X33 wild type P-Pastoris genome at the GAP locus. P.pastoris tranformants generated by electroporation with the recombinant vector (pGAPZαA-TPL) were selected on YPDS plates containing Zeocin and incubated at 30°c for 3 days. Six randomly picked Zeocin resistant positives clones on the solid selective medium were selected and the presence of TPL insert in the Zeo-resistant transformants was checked by PCR.
Lipase producing level of selected clones
To confirm the integration of the TPL gene into the P.pastoris genome, we have performed a PCR reaction using as template the genomic DNA of the selected clones. We found that the C1, C2, C3, C4, C5 and C6 clones, show an amplification of a 1900 pb fragment corresponding to the TPL gene (1353 pb) plus a portion of the vector (540 pb) which is amplified even in the absence of integration ( Figure 1 ). This result suggests the integration of the TPL DNA into the Pichia X33 genome ( Figure 1 ). Positive clones were then cultivated in Erlenmeyer's flasks to identify which clone has the highest lipase production level. Samples were collected during 6 days and assayed for the lipase activity ( Figure 2A ). Figure 2A describe the variation of rTPL activity in the culture medium as function of culture days. It shows that the C5 and C6 clones exhibit the highest activity levels which reach about 100 U/ml after 6 days of culture. C5 clone was chosen to continue this study.
It is well known that protease degradation is the main problem of protein expressed in heterologous system [18] . One solution to avoid this degradation is to reduce the culture period. In this purpose we have chosen to start the cell culture with an OD of 1, which allowed a shift of the production period from 6 to 4 days ( Figure 2B ).
The secretion of the recombinant protein was detected 24 h after the culture was initiated, and a maximum activity level of 75 U/ml was reached after 4 days. Starting the 5 th day, a slight decrease in the rTPL activity was observed suggesting a probable proteolytic degradation of the expressed protein.
Analysis of TPL cDNA copies number in selected recombinant strains by Q-PCR
Genomic DNA extracted from the six selected clones were analyzed by Q-PCR to estimate the TPL cDNA copies number. As shown in figure 3A , C1, C4, C5 and C6 clones have approximately the same Ct = 28, reflecting an identical copies number of TPL cDNA in their genomic DNA. The C2 and C3 clones have a Ct value of 31.
Based on the standard curve done with 10 fold serial dilution of plasmid DNA (pGAPZαA/TPL), the number of expression cassette integrated was estimated to five copies for C1, C4, C5 and C6 and four copies for C2 and C3 clones ( Figure 3B ). These results are in agreement with the difference in the activity levels of these clones (Figure 2A ). In fact C2 and C3 exhibit the lowest lipase activity level compared to the other clones.
Production of rTPL in P.pastoris
After 4 days of yeast growth, the corresponding amount of recombinant TPL reached about 15mg/l of culture medium. This production rate can be middling in comparison with other production levels of various esterases and lipases expressed in P.pastoris. For comparison, the production rate of the Carp acetylcholinesterase is about 40 μg/l of culture medium after 10 days of methanol induction [19] . The human pancreatic lipase-related protein 2 has a productivity of 40 mg/l under the control of the AOX1 promoter and about 4 mg/l under the control of the constitutive GAP promoter [20] . This difference could not be caused by the constitutive promoter efficiency because this promoter has been successfully used to secrete a high level of mature rHPLRP1 (100-120 mg/l) [21] . Recombinant human Bile salt-simulated lipase has a production amount of 0.8-1 g/l [22] . Some studies described the expression of fungical lipases in P.pastoris, the Lip2 lipase of Yarrowia lipolytica was successfully expressed in P.pastoris with an expression level of around 0.63 g/l [23] . C.rugosa Lip4 lipase [24] and Mutant Nippostrogglus brasiliensis Acetylcholinesterase [25] were expressed with a production level of 0.1 and 2 g/l respectively.
Purification of rTPL expressed in P.pastoris
After 4 days of time course fermentation, 500 ml of culture broth were centrifuged at 9500 rpm for 30 min to discard the yeast cells.
Ammonium sulfate precipitation
The supernatant was brought to 60% saturation with solid ammonium sulfate under stirring conditions and maintained for 60 min at 4°C. After centrifugation (30 min at 9500 rpm), the precipitate was resuspended 
Anion exchange chromatography on DEAE -Cellulose
The supernatant was diluted 10x with distilled water and loaded on a DEAE-Cellulose anion exchanger equilibrate in buffer B (25 mM Tris-HCl pH 8.2, 25 mM NaCl, 2 mM Benzamindine). Under these conditions, the rTPL doesn't absorb on the anionic support and was then eluted during the washing step using the same buffer.
Filtration on Sephacryl S200
Active fractions were pooled and concentrated using an Amicon Ultra-15 (molecular weight cutoff of 10 kDa). The concentrate was applied on a column of gel filtration Sephacryl S-200 equilibrated with buffer B. Proteins elution was performed with buffer B at a flow rate of 30 ml/h. rTPL was eluted between 1.3 and 1.5 void volumes ( Figure 4A ).
Anion exchange chromatography Q-Sepharose FF
Active fractions eluted from Sephacryl S200 were pooled, concentrated then applied to FPLC equipped with a Q-Sepharose FF column equilibrated with buffer B. The column was washed with the same buffer, then, proteins were eluted with a linear NaCl gradient from 25 to 350 mM in buffer B. rTPL activity was eluted between 180 and 220 mM NaCl ( Figure 4B ).
Filtration on Sephadex G100
Active fractions were pooled, concentrated then loaded on a second gel filtration Sephadex G-100 equilibrated with buffer B. Elution of rTPL was performed with buffer B at a flow rate of 25 ml/h. rTPL was eluted at 1.2 void volume ( Figure 4C ). The fractions containing the rTPL activity were pooled and analyzed on SDS-PAGE.
A summary of the purification process is given in table 1. Starting with the whole P.pastoris culture supernatant, 13-fold purification was achieved and the overall recovery of enzyme activity was 32%. The purification resulted in a significant increase in the specific activity from 399 U/mg to 5300 U/mg.
From 500 ml of P.pastoris cell culture media, about 2 mg of pure rTPL was obtained with a specific activity of 5300 U/mg using gum arabic emulsified olive oil as substrate in the presence of colipase and 4 mM NaDC at pH 8.5 and 37°C.
SDS-PAGE
The fractions containing rTPL activity were pooled and analyzed on SDS-PAGE ( Figure 4D ). This figure shows that a single band with an apparent molecular weight of 50 kDa was revealed for the recombinant TPL.
N-terminal Sequencing
The N-terminal aminoacide sequence of recombinant TPL revealed 11 residues EAEAEFSEVCY ( Figure 5A ). This sequence shows the correct cleavage of the α-factor signal sequence at the Kex2 cleavage site. Compared with the native lipase, the N-terminal sequence of the recombinant lipase bears six amino acid residues derived from the EcoRI site (E and F residues) and residues separating the Kex2 cleavage site and the EcoRI site (E,A,E, and A residues) in the pGAPZαA vector ( Figure 5B ).
It is worth noticing that despite the presence an extra peptide of 6 amino acids on its N-terminal part, the rTPL seems to share the same biochemical and kinetic properties with the native enzyme under the same experimental conditions (pH stat technique). It will be interesting to compare the interfacial properties of both enzymes using a more sensitive method as the monomolecular film technique.
Effect of temperature and pH on the activity and the stability of the rTPL
In order to check if the optimal pH and temperature of lipase activity of TPL was affected compared to native one, we measured at different pH and different temperatures the TPL activity ( Figure 6A and 6B) . The results show that both rTPL and nTPL present an optimum activity at 37°C and pH 8.5 (Figure 6A-6B) . At 55°C, the rTPL and the nTPL keep 75% and 85% of their activity respectively. Up to 55°C, the two enzymes retain only 10% of their activities.
To study the thermal stability of the rTPL and the nTPL, each enzyme was incubated at various temperatures for 30 min at pH 8. The results show that both recombinant and native enzymes exhibit similar thermal stability behaviour. In fact, the two enzymes retain 80% and 95% of their activity, respectively, after 30 min of incubation at 50°C. At temperature over 55°C, the activity decreased dramatically to reach 15 to 20% for both enzymes at 60°C ( Figure 6C ).
For the enzyme stability at different pH, the measurement of residual activity shows that both enzymes are stable in a wide pH range. Indeed, the rTPL and native TPL keep 100% of their activity after 30 min incubation at pH 8 and 9. When incubated at pH 3, both enzymes retained 70% of their activities ( Figure 6D ).
Effect of bile salts and calcium ions on the rTPL activity
It is well established that bile salts are strong inhibitors of all pure pancreatic lipases independently of their origins [26] [27] [28] .
The effect of varying concentrations of sodium deoxycholate (NaDC) on the rTPL and nTPL activities shows that, contrary to classical pancreatic lipases, the two enzymes are partially inhibited by the NaDC and retains respectively 30 and 25% of their activities at 8 mM NaDC ( Figure 7A) .
In order to investigate the calcium dependence of the rTPL and nTPL, we measured the hydrolysis rates of olive oil emulsion by the two enzymes in the presence of various CaCl 2 concentrations. Our results showed that, unlike most classical pancreatic lipases [29] , calcium is not necessary to trigger rTPL and nTPL activities ( Figure 7B ) and, in the absence of CaCl 2 , the rTPL and nTPL retained about 10% of their activities. The maximal TPL activity was measured at 0.5 mM CaCl 2 .
Conclusion
In this study we reported the cloning of TPL gene into P.pastoris and the expression of the enzyme as a The purified rTPL has a molecular mass of 50 kDa and a specific activity of 5300 U/mg on emulsified olive oil and 9500 U/mg on tributyrin substrate. Some previous studies showed that the heterologous expression could lead to a modification of same biochemical properties [30] . In our case, the biochemical characterization of the rTPL and its comparison to the native TPL shows that the rTPL seams to be identical to the native enzyme which makes P.pastoris a promising system for the expression of TPL and its eventual mutants. This statement is suitable for using rTPL instead of nTPL to study the structure-function relationships of this interesting enzyme.
Materials and methods

Yeast culture media
Pichia pastoris liquid cell cultures were grown in YPD medium containing 10 g yeast extract, 20 Bacto-peptone and 20 g D-glucose. The YPDS medium was YPD medium to which 18.2 g sorbitol per liter was added. To prepare plates for solid cell cultures, 2% agar (w/v) was added to the YPD medium.
Strains, plasmid and reagents
The P.pastoris host strain was X33 (wild-type strain from Invitrogen). The P.pastoris transfer vector pGAP-ZαA (Invitrogen) used for yeast transformation contained the selectable marker Zeocin, which is bifunctional in both Pichia and Escherchia coli, the 
Construction of TPL expression vector
The cDNA sequence encoding the TPL was previously isolated and cloned into the pGEM-T Easy vector in our laboratory by Fendri et al (2006) . Using the TPL cDNA as template, a DNA fragment of 1353 pb was amplified by PCR with sens (5'-GATC-GAATTCTCTGAAGTTTGCTATGAC-3') and antisense (5'-GATCGAATTCTTAGCAAGCAGTAAG GGT-3') primers introducing EcoRI sites (underlined) immediately upstream of the first codon (TCT) and downstream of the stop codon.
The PCR product was then cloned into the PCR-Blunt-Topo vector using the PCR-Blunt-Topo cloning kit according to the manufactures's protocol (Invitrogen). Protoplasts of E.coli DH5α were transformed with the ligation mixture. The presence of the expected insert in the resulting plasmids was determined by restriction analysis.
The resulting recombinant vector PCR-Blunt-Topo-TPL was digested with the restriction enzyme EcoRI. The EcoRI-digested insert was purified and inserted into pGAPZαA P.pastoris transfert vector downstream of the GAP constitutive promoter as described by Sias [31] .
The consequent plasmid (pGAPZαA-TPL, 4512pb) was transformed into E. coli DH5α by the chemical method [32] and the transformed clones were selected on Luria-Bertani (LB) plates containing 25 μg/ml Zeocin.
The recombinant plasmids were then insolated using the Midi-prep purification system. The gene coding for TPL with the α-factor was sequenced, proving that no mutation occurred during the PCR. Experiments were performed 3 times with different clones.
Transformation of P.pastoris and screening of TPL transformants
Electrocompetent X33 cells, prepared using standard methods [33] , was transformed with 10 μg of BspHIlinearized pGAPZαA-TPL by electroporation according to Invitrogen manual. The recombinant yeast clones were selected on YPDS plates containing 100 μg/ml Zeocin.
The colonies were subsequently screened by PCR using as template the genomic DNA extracted from different transformants and the pGAPZαA universal primers (pGAP Forward and AOX1 primers) to confirm the integration of the TPL DNA into the yeast genome.
Positive transformants were grown in 250 ml Erlenmeyer flasks containing 50 ml YPD medium with 100 μg/ml Zeocin, at 30°C under shaking at 150 rpm. The time-course of rTPL secretion into the culture medium was determined using various clones. generate an amplicon of 276 pb. Serial 10-fold dilutions of plasmid DNA (pGAPZαA/TPL) were conduced to establish the standard curve. The negative control (without DNA template) was included in experimental runs. The Q-PCR cycling program was 10 min at 95°C for activation of the hot-start enzyme, followed by 40 cycles of denaturation at 95°C for 15s, annealing at 52°C for 30s and elongation at 72°C for 30s. Melting curves analysis was performed after completed Q-PCR collecting fluorescence between 60 and 95°C at 1°C increments.
Production and purification of rTPL in P.pastoris
The clone showing the most important activity level was selected to produce the recombinant protein. It was then pre-grown at 30°in 250 ml shake flasks containing 50 ml YPD medium for 24 h to an OD 600 of 6. This cell culture was further used to inoculate five 500 ml shake flasks containing 100 ml YPD medium without Zeocin. The culture was started at an optical density of 1 to establish reproducible cells culture conditions. The production of rTPL was conducted at 30°C for 4 days with shaking at 150 rpm.
Five hundred milliliters of culture medium were collected after fermentation and used to purify the recombinant enzyme by performing a five-step purification protocol comprising the following steps: an ammonium sulfate precipitation; anion exchange chromatography on DEAE-Cellulose; filtration on Sephacryl S200; anion exchange chromatography on Q-Sepharose FF and a filtration on Sephadex G100. Native TPL was purified according to the protocol established by Sayari et al [8] .
SDS-PAGE
Sodium dodecyl sulfate polyacrylamide gel electrophpresis (SDS-PAGE) was performed with a 12% polyacrylamide gel as described by Laemmli [34] . After electrophoresis, proteins were strained with coomassie brilliant blue R-250.
Amino acid sequensing
The N-Terminal sequence of the recombinant enzyme were determined by automated Edman degradation, using an Applied Biosytems Procise 492 protein sequencer equipped with the 140 C HPLC system [35] .
Lipase activity determination
The lipase activity was measured titrimetically at pH 8.5 and 37°C with a pH-Stat using tributyrin (0.25 ml) in 30 ml of 2 mM Tris-HCl, pH 8.5 150 mM NaCl or olive oil emulsion in presence of 4 mM NaDC and Turkey colipase [36] . One lipase unit corresponds to 1 μmol of fatty acid liberated per min.
Determination of protein concentration
Protein concentration was determined as described by Bradford [37] using BSA (E 1% 1 cm = 6.7) as reference.
Effect of temperature and pH on enzyme stability and activity
Optimal pH and temperature were determined examining the lipase activity at different temperature and pH by pH-Stat assay using olive oil as substrate. pH stability was determined by incubating lipase solution for 30 min at different pH at 4°C. Thermostability was determined by pre-incubating the enzyme at temperatures ranging from 37°to 60°C. The lipase activity was measured after centrifugation under standard conditions.
Effect of bile salts and calcium ions on the enzyme activity
In order to study the bile salt effect on the rTPL and nTPL activities, lipase activity was measured using emulsified olive oil as substrate at 37°C and pH 8.5 in the presence of increasing concentration of sodium deoxycholate (NaDC) in both the presence and the absence of an excess of colipase.
To study the calcium dependence of the two enzymes, lipase activity was measured using emulsified olive oil as substrate at 37°C and pH 8.5 in the presence of an excess of colipase, 4 mM NaDC and an increasing concentrations of CaCl 2 .
